The motoneurons of the spinal nucleus of the bulbocavernosus (SNB) and its target muscles, the bulbocavernosus and levator ani, form a sexually dimorphic circuit that is developmentally dependent on androgen exposure and exhibits numerous structural and functional changes in response to androgen exposure in adulthood. Castration of male adult rats causes shrinkage of SNB somata, and testosterone replacement reverses this effect, but the site at which androgen is acting to cause this change is undetermined. We exploited the X-chromosome residency of the androgen receptor (AR) gene to generate androgenized female rats that were heterozygous for the testicular feminization mutant (tfm) AR mutation and that, as a consequence of ontogenetic random X-inactivation, expressed a blend of androgen-sensitive wild-type cells and tfm-affected androgen-insensitive cells in the SNB. Chronic testosterone treatment of adult mosaics increased soma sizes only in androgen-competent wild-type SNB cells. The size of tfm-affected SNB somata in the same animals did not differ from the size of either the wild-type or tfm-affected SNB neurons in control mosaics that did not receive androgen treatment in adulthood. Because the muscle targets of the SNB are known to be uniformly androgen-sensitive in tfm mosaics, this mosaic analysis provides unambiguous evidence that androgenic effects on motoneuron soma size are mediated locally in the SNB. It is possible that the neuronal AR plays a permissive role in coordinating the actions of androgen.
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Most vertebrate motoneurons possess androgen receptors (ARs) (Pfaff, 1968; Sar and Stumpf, 1977; Kelley, 1986; Simerly et al., 1990) , making them attractive models of steroidal effects on neuronal structure and function. The spinal nucleus of the bulbocavernosus (SNB), a cluster of motoneurons located in the dorsomedial aspect of lumbar segments 5 and 6, innervates the sexually dimorphic perineal muscles bulbocavernosus and levator ani (BC/LA), which participate in copulatory behavior. Adult male rats have more and larger SNB motoneurons than do females Arnold, 1980, 1981; Schroder, 1980) . A perinatal surge of testosterone (T) in males rescues the BC/LA musculature from involution (Cihak et al., 1970) and inhibits apoptosis in the SNB (Nordeen et al., 1985) . Exposing females to exogenous androgens during this critical period permanently masculinizes the SNB-BC/LA system (Breedlove and Arnold, 1983) . The SNB critical period developmentally precedes AR expression in SNB cells (Jordan et al., 1991) , and systemic androgen can rescue genetically androgen-insensitive SNB motoneurons provided that their BC/LA targets remain androgencompetent (Freeman et al., 1996) . Furthermore, androgen is unable to rescue the SNB if the BC/LA muscles are treated with anti-androgen (Fishman and Breedlove, 1992) or extirpated (Kurz et al., 1992) , indicating that androgen acts indirectly, via actions in the BC/LA, to rescue the SNB. SNB motoneurons shrink in castrated adults, and testosterone reverses this effect (Breedlove and Arnold, 1981; Collins et al., 1992) . Somatic enlargement is associated with increased rates of gene transcription (Beato, 1989) , and SNB somatic enlargement presumably reflects genomic events involved in neuronal remodeling, such as process outgrowth (Bleisch and Harrelson, 1989) . Interestingly, systemic androgens do not enlarge motoneurons innervating the sexually monomorphic external urethral sphincter, although their AR density is comparable with that of SNB motoneurons (Jordan, 1997) . This suggests that ARs are necessary but not sufficient to confer androgen sensitivity on neurons, highlighting a longstanding problem concerning the site of action of steroids in vivo. Steroids are lipid soluble and widespread, and their cognate receptors are found throughout the body. An observed effect of androgen on a population of neurons may therefore be mediated directly by intraneuronal AR or indirectly via sites afferent or efferent to the motoneurons under study. Examples of indirect actions include the muscle-dependent ontogenetic sparing of the masculine SNB and, in the adult, BC/ LA-mediated androgenic regulation of SNB dendritic extent (Rand and Breedlove, 1995) and AR content (Lubischer and Arnold, 1995a) .
Neuronal ARs have been studied in vitro (Brooks et al., 1998) , but culture techniques are necessarily mute regarding the site of androgenic action in the intact animal. The most powerful way to resolve this site-of-action indeterminacy at the cellular level would be through genetic mosaic analysis, creating animals exhibiting a blend of normal neurons and mutant, steroidincompetent neighbors in regions that are normally uniformly androgen-sensitive. We now report such a mosaic analysis of androgenic regulation of SNB soma size.
MATERIALS AND METHODS
Mosaic animals. Mosaic animals were generated by capitalizing on the residence of the AR gene on the X chromosome (Yarbrough et al., 1990) . As a consequence of the mammalian process of embryonic random X-chromosome inactivation (Lyon, 1961; Monk and Harper, 1979) , perinatally androgenized female rats that are heterozygous for the testicular feminization mutant (tf m) AR mutation (X tf m X) possess masculinized SN B systems that are a phenotypic mosaic of neurons containing normal, steroid-competent wild-type (W T) AR and tf m-affected neurons in which ϳ90% of the AR is incompetent to bind androgen. We have recently exploited this mosaic in studies of apoptosis and regulation of calcitonin gene-related peptide (CGRP) expression and have described the mosaic model more f ully previously (Freeman et al., 1996; Monks et al., 1999) . Because they differ only in androgen receptor competency, the tf m-affected and wild-type cells of mosaics would be expected to have equivalent soma sizes in the absence of androgens. After chronic treatment with systemic androgen, however, two outcomes are possible. If the effects of androgens on SN B soma size are mediated indirectly, via neighboring neurons or target muscles, then both cell types should respond to systemic androgen by enlarging. Conversely, if androgens act directly on SN B neurons to alter their structure, then only the steroidcompetent W T neurons should show plastic changes in response to systemic androgens.
C arrier females from our colony (X X tf m ), previously identified by having given birth to tf m-affected males, were paired with wild-type males, and the day of sperm-positive vaginal lavage was denoted as embryonic day 1 (E1). On days E16 -E20, the pregnant dams received systemic injections of testosterone propionate (TP) (2.0 mg, s.c., dissolved in 0.1 ml of sesame oil). Because androgen treatment sometimes interferes with parturition, the pups were delivered by cesarean section on E23. Pregnant dams were anesthetized with ether, and immediately after the pups were delivered via abdominal and uterine incisions, the dam was killed by an overdose of sodium pentobarbital. The pups were cleaned, dried, and warmed, and each received an injection of TP (1.0 mg, s.c.). They were then cross-fostered to another lactating wild-type female and received a final injection of TP (1.0 mg, s.c.) on postnatal day 3 (P3), with day of delivery considered P1. This regimen of prenatal and postnatal testosterone injections served two purposes. First, it served to masculinize the SN B -BC / L A system and maximally rescue SN B motoneurons from apoptosis (Freeman et al., 1996; Ward et al., 1996) . Second, it provided a means to distinguish androgenized wild-type females, who do not form nipples in the presence of prenatal testosterone (Goldman et al., 1976) , from mosaics (androgenized tf m carriers), who form nipples despite prenatal androgen exposure because of the presence of androgen-insensitive nipple tissue (Freeman et al., 1996) .
The androgenized pups were weaned on P30, and the genotype of each pup was determined according to the system of phenotypic markers described by Freeman et al. (1996) . Briefly, males with scrotal or inguinal testes and no nipples were classified as wild-type males, whereas those with inguinal testes and intact nipples were classified as tf m-affected males. Animals lacking both testes and nipples were classified as masculinized wild-type females, and animals lacking testes but with intact nipples were classified as tf m mosaics. At the conclusion of the experiment, gonadal sex was confirmed for each experimental animal through dissection of the reproductive tract.
Hormonal manipulations. At 60 -90 d of age, a total of 16 tf m mosaics received two 20 mm SIL ASTIC implants (3.18 mm outer diameter, 1.57 mm inner diameter) packed with crystalline testosterone, constructed as described by Smith et al. (1977) . Implants of this size maintain serum levels of testosterone in a high physiological range for male rats (Smith et al., 1977) . A total of 13 tf m mosaics received two 20 mm empty SIL AS-TIC implants. Implants were placed subcutaneously between the scapulae under metofane anesthesia, via a small skin incision. After recovery, the mosaics were returned to normal colony housing on a 12 hr light /dark cycle.
SIL ASTIC implants were left in place for 4 -6 weeks and then removed under metofane anesthesia. After an additional 24 -48 hr, all animals received an injection of hydroxy-flutamide (OH-fl) (2.0 mg in 0.1 ml of propylene glycol, s.c.; a generous gift from Dr. R. Neri, ScheringPlough Research Institute, Union, NJ). OH-fl is an AR ligand that induces translocation of f unctional androgen receptors to the cell nucleus, apparently without inducing gene transcription (Kemppainen et al., 1992; Z hou et al., 1994) . This facilitates the use of androgen receptor immunocytochemistry (ICC) to distinguish between tf m-affected motoneurons and wild-type motoneurons in the SN B. After OH-fl treatment, most wild-type neurons exhibit nuclear labeling of AR, but most tf m-affected cells do not (Freeman et al., 1996; Monks et al., 1999) .
Perf usion and tissue preparation. Between 2 and 4 hr after the OH-fl injection, animals received an overdose of sodium pentobarbital (ϳ100 mg / kg, i.p.). On attainment of surgical anesthesia (indicated by the disappearance of deep reflexes), each animal was perf used transcardially with 250 ml of ice-cold PBS, pH 7.4, followed by 250 ml of 4% paraformaldehyde, pH 7.4, over 20 min. The perineal muscles were removed, trimmed, blotted dry, and weighed. The lumbar spinal cord containing the SN B was dissected out, post-fixed in 4% paraformaldehyde for 2 hr, and then transferred to a 20% buffered sucrose solution. The following day, the lumbosacral segments were frozen and sectioned coronally at a thickness of 50 m on a sliding microtome, into three series of sequential sections. One series consisting of every third section was processed for AR immunoreactivity, and a second such series was processed without the primary antibody as a control for any nonspecific labeling. The third series was stored in cryoprotectant at Ϫ20°C as a backup.
Immunoc ytochemistr y. All reactions were performed at room temperature unless otherwise indicated. Free-floating spinal cord sections received three 10 min washes in a phosphate-buffered gelatin Triton solution (PBS-GT) (0.1% gelatin and 0.3% Triton X-100, in PBS, pH 7.4). The sections were then incubated first in 10% normal goat serum (NGS) for 1 hr, to block nonspecific binding of the secondary antibody, and then for 48 hr at 4°C in a solution consisting of 4% NGS and 0.167 g /ml PG21, a rabbit polyclonal antibody directed against the 21 amino acid C -terminal epitope of the AR (a generous gift from Dr. G. Prins, University of Chicago, Chicago, IL). PG21 has been characterized previously in the SN B in the tf m mosaic preparation (Freeman et al., 1996; Monks et al., 1999) and has been found to effectively discriminate between wild-type motoneurons, which exhibit dense nuclear AR immunoreactivity, and tf m-affected motoneurons, which exhibit no nuclear AR immunoreactivity and only light, diff use cytoplasmic labeling. After incubation with PG21, sections were washed in PBS-GT, treated with avidin -biotin blocking reagents (Vector Laboratories, Burlingame, CA), washed again, and incubated for 1 hr in biotinylated goat anti-rabbit secondary antibody. Tissue was then washed and incubated in avidinbiotin -peroxidase complex (Vector Laboratories) for 1 hr, and immunolabeling was subsequently visualized using 3,3Ј-diaminobenzidine in the presence of hydrogen peroxide and nickel chloride in 0.1 M Tris buffer, pH 7.2, yielding a dense blue -black reaction product. Tissue was then washed, mounted on gel-subbed slides, and coverslipped after dehydration through graded alcohols and clearing in xylene.
Motoneuronal soma size. Slides of AR-labeled sections were mounted on a light microscope, and an experimenter blind to experimental condition made a drawing of each section and mapped the locations of apparent AR-positive SN B motoneuron nuclei, using a camera lucida attachment. The putative SN B nuclei were evident as large dark circles against a light background in the ventromedial aspect of the spinal cord (Fig. 1) . Control sections processed without the primary antibody were devoid of labeling, as expected, and were not processed f urther.
Coverslips were subsequently soaked off in xylene, and the tissue was rehydrated through graded alcohols, counterstained with Neutral Red Nissl stain, and recoverslipped. The previously mapped nuclei were confirmed to belong to SN B motoneurons, which were identified by their large size, location, and dark Nissl stain. The somatic margins of a random sample of 20 such wild-type cells were drawn for each mosaic using the camera lucida attachment. The counterstain also revealed the tf m-affected SN B motoneurons that lacked nuclear immunolabeling, and the somatic margins of a random sample of 20 such cells were traced for each mosaic. In cases in which 20 cells of either type were not present, all available motoneurons were traced. A minority of cells exhibited faint nuclear labeling and were excluded from f urther analysis because of their ambiguous identity. The camera lucida drawings were then digitized and transferred to a microcomputer, and the areas of the somata were calculated.
Separate groups of mosaics were prepared and analyzed by two independent experimenters in a test-and-replication design; the obtained data were analyzed using 2 ϫ 2 factorial ANOVA for hormone treatment (blank vs T) by cell type (tf m vs wild-type cells, treated as a withinsubjects factor). Subsequent planned comparisons of group means were performed using t tests.
RESULTS
Treatment of adult mosaics with testosterone-filled implants greatly increased the mass of the BC/LA musculature (214 Ϯ 16 mg) compared with blank-implanted mosaics (87 Ϯ 17 mg; p Ͻ 0.01), confirming the effectiveness of the steroid manipulation. Chronic testosterone treatment induced an increase in soma size only in AR-immunopositive motoneurons (Fig. 2) . The overall effect, a significant interaction effect of cell type and hormone treatment, was virtually identical in the initial experiment (F (1, 14) ϭ 8.27; p Ͻ 0.05) and in the independent replication experiment (F (1,11) ϭ 4.70; p Ͻ 0.05). In fact, the data obtained in the initial and replication experiments did not differ statistically in any respect and were therefore pooled for subsequent analyses (Fig.  2) . As expected, the overall effect was significant (F (1,27) ϭ 12.05; p Ͻ 0.05), and subsequent planned comparisons determined that the mean soma size of the wild-type cells of androgen-treated mosaics was significantly greater than the soma size of the tfmaffected cells of those same mosaics (t (15) ϭ 5.8; p Ͻ 0.001), as well as both the wild-type cells (t (27) ϭ 2.9; p ϭ 0.007) and tfm cells (t (27) ϭ 3.6; p Ͻ 0.001) of the blank-treated mosaics. The soma sizes of the tfm cells of the androgen-treated mosaics and the tfm and wild-type cells of the blank-treated mosaics did not differ from one another (all p values Ͼ 0.05).
DISCUSSION
The results of the mosaic analysis indicate that androgens can induce an increase in soma size only in those SNB motoneurons that possess functional androgen receptors. The motoneurons themselves are therefore the site of action of androgen in this response. The finding that tfm cells in T-treated mosaics are no larger than the wild-type cells of blank-treated mosaics further suggests that a direct action on the SNB motoneurons is the major route by which androgenic neuronal enlargement occurs; any extra-SNB effects of androgen on soma size would be evident in the T-treated tfm cells. The results thus provide a clear demonstration that steroids can act directly on mammalian neurons, in vivo, to induce changes in their structure.
Although our results suggest that competent, ligand-bound AR within SNB cells is required for them to enlarge in response to androgen, previous reports have instead implicated the muscular targets of the SNB as the site of action in this regulation. For example, the ability of SNB motoneurons to enlarge in response to androgen is reportedly impaired when their axonal connections with the BC/LA muscles are severed (Lubischer and Arnold, 1995b) and remains low if the severed axons are forced to reinnervate a different, sexually monomorphic muscle (Araki et al., 1991) . These findings are not necessarily incompatible with a motoneuronal site of action. For instance, contact with the target muscle may be necessary for SNB motoneurons to maintain normal levels of AR, presumably through the actions of trophic factors (Al-Shamma and Arnold, 1997). The SNB motoneurons of long-term castrates exhibit high levels of AR that may be visualized over the cell nuclei as little as 30 min after androgen injection (Freeman et al., 1995) , a time course that is too brief for the production of new ARs. These findings suggest that levels of AR in the SNB are maintained through an indirect, ARindependent mechanism. Furthermore, systemic androgen treatment reportedly induces correlated increases in both dendritic extent and soma size in the SNB (Sasaki and Arnold, 1991) , but when androgen treatment is limited to the BC/LA target muscles, the dendritic outgrowth but not the somatic enlargement is observed (Rand and Breedlove, 1995) . This pattern of results is consistent with a permissive role of SNB neuronal AR in regulating soma size.
A criticism that has been leveled at studies using transgenic and knock-out preparations, and which might thereby also apply to the tfm mosaic model, is that we cannot be certain what the cumulative ontogenetic consequences of the absence of a partic- Androgen-competent wild-type cells that were exposed to testosterone exhibited significantly enlarged somata relative to all other groups. Other groups did not differ from one another. See Results for details. ular gene may be and that, by adulthood, the affected cells (or animal) may differ in many respects from the wild type (Routtenberg, 1995) . In the case of the tfm mosaic, it might thus be argued that, because they have been without a functional AR gene since the early embryonic stage of X inactivation, the tfm cells may have developed completely different connections and physiology, and that it is these differences that account for their failure to respond to adult androgen treatment. Based on the considerable knowledge of SNB ontogeny that has accrued, we think this is unlikely. First, it has been well established that SNB motoneurons do not express ARs until comparatively late in development, around the seventh day of postnatal life (Jordan et al., 1991) . Any deviation from the normal developmental trajectory attributable to the absence of ARs would have to occur late in postnatal development, by which time the SNB has already made its connections into the periphery, has received its supraspinal projections, and has completed the process of apoptosis. Furthermore, these mosaics are androgenized XX animals that, unlike gonadally intact males, had very little circulating androgen after the first week of life. In the absence of ligand, it is not clear how the tfm and WT cells could subsequently be affected by the presence or absence of functional AR. Significant differences in androgen exposure between the two cell types would thus be limited to the 28 d treatment period in adulthood; although changes in synaptic connectivity can be provoked by androgen treatment in a matter of days, it is unclear whether this would contribute to cell-type differences in soma size (Leedy et al., 1987) . It is also unlikely that the adrenal glands are a significant source of androgenic stimulation in the mosaic SN B, because W T and TFM SN B cells do not differ in size in the blank-treated mosaics; if significant levels of adrenal androgens were present, we would expect the W T cells to be selectively enlarged in this group.
A related concern pertains to the androgen sensitivity of the BC/LA muscle targets: if wild-type SNB motoneurons connect exclusively to wild-type androgen-sensitive muscle fibers and tfmaffected neurons connect exclusively to tfm-affected androgeninsensitive muscle fibers, then our pattern of results might simply be attributable to differential steroid sensitivity of the targets. We have several reasons to believe that this is not the case, and that in fact the tfm and WT neurons are connected to equivalently androgen-sensitive targets. First, we have previously applied AR ICC to the BC/LA muscle of mosaics and found that approximately one-third of muscle nuclei are AR-positive, which is approximately the same proportion found in wild-type BC/LA (Freeman et al., 1996) . Second, muscle fibers are multinucleated cells, and we have never observed a BC/LA muscle fiber in mosaics completely lacking AR-immunoreactive nuclei. Third, each SNB motoneuron innervates, on average, hundreds of muscle fibers (Jordan et al., 1992) , and individual BC/LA muscle fibers receive polyneural innervation from the SNB (Jordan et al., 1989) , making it unlikely that any SNB motoneuron could fail to be in contact with AR-competent muscle fibers.
Steroidal regulation of gene expression in SNB motoneurons has received considerable attention in recent years as a means of probing basic processes in neuronal physiology and plasticity. Alterations in androgen exposure have been reported to alter motoneuronal transcription-translation rates for numerous gene products; examples include structural proteins such as ␤-actin and ␤-tubulin (Matsumoto et al., 1994) , synaptic components such as the gap junction protein connexin 32 (Matsumoto et al., 1991) , signaling peptides such as CGRP (Popper and Micevych, 1989) , and various components of neurotrophin systems such as CNTF receptors (Forger et al., 1998) . Androgenic changes in dendritic extent and soma size in the SNB, with their associated changes in synaptic connectivity, attest to the functional importance of the androgenic signal. The absence of information about the site of action of androgen in regulating these genes and their products has hindered understanding of the physiological role of these genes and their products and the cellular basis of the actions of androgen in the CNS. The tfm mosaic model extends the resolution of in vivo experimentation from the level of gross tissue events down to the level of cellular events. With the present report, we have now applied the mosaic model to each of three major areas of study: apoptosis (Freeman et al., 1996) , regulation of gene product (Monks et al., 1999) , and regulation of cellular characteristics. To date, mosaic analysis has not been applied to steroid-sensitive systems outside of the SNB; such studies may prove valuable in uncovering the role of steroids in the development and maintenance of sexual dimorphism elsewhere in the nervous system.
